Ninety-nine accessions of melon (Cucumis melo L.) mainly from East and South Asia were analyzed based on the polymorphism of 210 amplified fragment length polymorphism (AFLP) bands to reveal the genetic structure and phylogenetic relationship in Asian melon. A cluster analysis based on their genetic similarity revealed three major clusters, i.e., a vars. makuwa and conomon group, a small-seed type group and a group of Japanese F 1 cultivars and large-seed type accessions. Most of the East Asian melon accessions classified into the first group were of the small-seed type with a seed length shorter than 9.0 mm. The varieties of C. melo were roughly divided into two groups by a principal co-ordinate analysis based on AFLP data, that is, the group of vars. makuwa and conomon and small-seed type melon and the group of var. reticulatus and large-seed type melon. Indian melon accessions were rich in genetic variation. Melon accessions closely related to vars. makuwa and conomon were found in east India, and they were considered as possible candidates of the prototype of vars. makuwa and conomon.
Introduction
Melon (Cucumis melo L.) is one of the most important fruit vegetables cultivated in tropical and temperate regions, and has great variation in morphological and physiological characters such as size, color and taste of melon fruit. Based on these characters, Naudin (1859) classified cultivated melon into var. reticulatus, var. inodorus, var. cantalupensis, var. makuwa and var. conomon, while wild melon into var. agrestis. Later, Whitaker and Davis (1962) subdivided C. melo subsp. melo into seven horticulturally important melon groups, and Munger and Robinson (1991) reclassified the seven horticultural groups. More recently, Pitrat et al. (2000) divided C. melo into two subspecies, ssp. agrestis and ssp. melo, which included five and eleven varieties, respectively. In addition, some germplasms are difficult to classify. Thus C. melo is considered as the most variable species in the genus Cucumis (Jeffrey 1980 , Mallick and Masui 1986 , Bates and Robinson 1995 . Different types of genetic markers have been used to assess genetic diversity in melon. Isozymes have been used initially (Perl-Treves et al. 1985 , Staub et al. 1987 and restriction fragment length polymorphisms (RFLPs) (Neuhausen 1992) , random amplified polymorphic DNA (RAPDs) (Staub et al. 1997 , Garcia et al. 1998 , Mliki et al. 2001 , simple sequence repeats (SSRs) (Katzir et al. 1996 , Monforte et al. 2003 , and internal simple sequence repeats (ISSRs) (Stepansky et al. 1999) have been used lately. Garcia-Mas et al. (2000) analyzed amplified fragment length polymorphism (AFLP) as well as RFLP and RAPD, and reported that the analysis of three types of molecular marker showed the similar clustering of six genotypes of C. melo. However, the discriminating capacity of AFLP method is much higher than that of other marker types, with the reproducibility of AFLP markers making them especially more attractive than RAPD. The AFLP technique has the extra advantage of combining the speed of the RAPD technique with the precision of the RFLP technique (Vos et al. 1995 , Powell et al. 1996 . Despite its potential, AFLP technique has not been used for genetic analysis of a large number of melon accessions.
East and South Asian melons are known as important genetic resources, having resistance genes to powdery mildew, downy mildew, gummy stem blight, fusarium wilt, Aphis gossypii and several viruses (Pryor et al. 1946 , Whitaker and Bohn 1954 , Whitaker and Davis 1962 , Kishaba et al. 1971 , Takada et al. 1979 , Wako et al. 2000 . However, their classification is still unclear and contradicting opinions have been proposed. All cultivated melons other than var. momordica were classified as var. conomon by Munger and Robinson (1991) , while Naudin (1859) classified all types of cultivated melon as var. acidulus. On the contrary, Pitrat et al. (2000) classified East and South Asian melon into five varieties, conomon, makuwa, chinensis, momordica and acidulus, all of which belong to C. melo ssp. agrestis. Fujishita and Nakagawa (1973) indicated that seed size is an important character for identification of C. melo. According to Fujishita (1980) , seed length of melon is highly variable between varieties, being smaller than 9.0 mm in vars. makuwa and conomon, larger than 9.0 mm in var. reticulatus, and intermediate in var. momordica. By the analysis of isozyme polymorphism and seed length of East and South Asian melon, Akashi et al. (2002) showed that Indian melon is genetically differentiated among large-seed type (≥ 9.0 mm) and small-seed type (< 9.0 mm). They also suggested that both vars. makuwa and conomon derived from the small-seed type melon with smooth to obscurely netted skin in east India. However, the number of markers and alleles detectable by isozyme analysis is limited, and thus they could not compare genetic relationship among accessions, but between local populations of melon landraces. Therefore, by the analysis of DNA markers, a comprehensive study on genetic structure of East and South Asian melon should be carried out for understanding the difference between small-and large-seed type melon, for proper classification of various types of melon accessions, and for the analysis of the origin and differentiation of vars. makuwa and conomon.
Here, we studied the AFLP polymorphism of 99 melon accessions/cultivars mainly from East to South Asia such as India, Myanmar, China, Korea and Japan, and analyzed the genetic structure and phylogenetic relationship in Asian melon with special reference to their seed size. Japanese F 1 cultivars and inbred lines used for breeding programs were also included for comparative analysis of genetic diversity and genetic relationship.
Materials and Methods

Plant materials
A total of 149 plants of 99 accessions/cultivars of melon (Cucumis melo L.) mainly from East and South Asia were examined in this study (Table 1) . Only one plant was examined for inbred lines and F 1 cultivars, but the number of plants examined for each landrace depended on the morphological variation in each accession. The detail was summarized below and indicated in (111) (112) (113) (114) (115) (116) (117) ) of seven breeding materials known as powdery mildew-resistant germplasm were examined. These powdery mildew-resistant lines were also bred using Indian genetic resources (Harwood and Markarian 1968 , Bohn et al. 1980 , Thomas 1986 Forty-three landraces of unknown variety were classified into large-seed type (≥ 9.0 mm) and small-seed type (< 9.0 mm) based on their seed length after Akashi et al. (2002) . The other fifty-six accessions were classified into the following six varieties (after Pitrat et al. 2000) and one group as shown in Table 1 : vars. cantalupensis, conomon, inodorus, makuwa, momordica, reticulatus and powdery mildew-resistant lines. Seed size differed with the varieties, being longer than 9.0 mm in vars. cantalupensis, inodorus and reticulatus, shorter than 9.0 mm in vars. conomon and makuwa, and intermediate in var. momordica.
DNA extraction
Seeds were sown on wet filter paper in petri dish, and germinated in a dark condition. Approximately 0.1 g of seedling was ground in liquid nitrogen, and total DNA was extracted with DNeasy Plant Mini Kit (QIAGEN).
AFLP
DNA was double-digested with EcoRI and MseI following the protocol of Vos et al. (1995) . Resultant fragments were ligated to adapters specific to the EcoRI and MseI restriction sites (GIBCO). A preselective amplification was carried out with EcoRI + AA and MseI + CC primers, and the PCR product was then diluted 20-fold with water and used as template for the selective amplification using EcoRI + AAA and MseI + CC + (A, C or T) primers. EcoRI + AAA primers were fluorescently labeled with yellow (Applied Hami-Gua China Xinjiang Uighur inodorus IV 1) Open spaces indicate unknown origin. 2) Landraces of unknown variety were classified as large-seed type (≥ 9.0 mm) and small-seed type (< 9.0 mm) according to Akashi et al. (2002) , and indicated by "L" (large-seed type) and "S" (small-seed type). 3) Classification based on the cluster analysis shown in Fig. 2 . Plant No. was indicated in the parentheses for the accessions whose plants were classified into two different clusters.
Biosystems). Labeled fragments were run on an ABI Prism 3100 Genetic Analyzer (Applied Biosystems) and were analyzed using GeneScan Analysis Software 3.7.
Data analysis DNA fragments were scored as present (1) or absent (0) for each marker. Genetic similarity (GS) was measured using the methods of Apostol et al. (1993) . GS represents the similarity between two samples, and was calculated with the formula GS = (N11 + N00)/T, where N11 and N00 was the number of positive and null bands shared in common between two samples and T was the total number of bands scored. Genetic distance (GD) between two samples was calculated with the formula GD = 1-GS.
Gene diversity within each group and genetic distance among six groups were calculated after Weir (1996) and Nei (1972) , respectively. Similarity trees were produced by clustering the genetic distance data by the neighbor-joining and unweighted pair group method with arithmetic average (UPGMA) of the Phylip programs (http://bioweb.pasteur.fr/seqanal/phylogeny/ phylip-uk.html). Principal co-ordinate analysis (PCO) was also carried out to show multiple dimensions of the accessions in a scatter-plot. PCO program was downloaded from http:// cse.naro.affrc.go.jp/iwatah/index_j.html.
Results
AFLP analysis with 3 primer combinations generated a total of 210 polymorphic bands among 149 plants of melon accessions, and the number of bands shared in common between two samples was 27.8 on average.
Genetic diversity within each group and genetic relationship between six groups
As shown in Table 2 , gene diversity within each group was different, being highest in small-seed (0.254) and largeseed (0.236) Indian accessions. On the contrary, it was smaller in vars. makuwa (0.104) and conomon (0.065). Var. reticulatus showed the smallest gene diversity index (0.057). Genetic distance between groups was also variable, being smallest between vars. makuwa and conomon (Table 3 , D = 0.011). These two varieties proved to be distantly related with other groups (Fig. 1) , though they are rather closely related with small-seed type. Genetic distance (0.072-0.141) among large-seed group (large-seed type landraces and two varieties inodorus and reticulatus) and small-seed group (small-seed type landraces and two varieties makuwa and conomon) was larger than that (0.044-0.064) within the large-seed group and that (0.011-0.071) within small-seed group, though genetic distance (0.022) between small-seed type and large-seed type landraces from India was small.
Genetic relationship among melon accessions
Genetic distance among 149 plants ranged from 0.050 to 0.529. By cluster analysis based on the distance matrix, 149 plants were classified into four major clusters that were further divided into many subclusters as shown in Figure 2 . Table 1 shows the assignment to the clusters. Cluster I was the smallest cluster consisted of Indian (three plants) and Myanmar (two plants), while cluster II contained most of the accessions of vars. makuwa and conomon, seven plants of small-seed type (three plants both from Bihar (eastern part of India) and Madhya Pradesh (central part of India) and one plant from Meghalaya (eastern of India)) and three plants of large-seed type from India (Bihar) and four plants of smallseed type from Myanmar, two plants of powdery mildewresistant lines and one plant of var. inodorus. Cluster III contained small-(27 plants) and large-(12 plants) seed type accessions from India and PI 414723. Cluster IV included most of the accessions of vars. reticulatus, momordica and inodorus, large-(20 plants) and small-(3 plants) seed type accessions from India and one plant of var. cantalupensis. Cluster II, vars. makuwa and conomon formed a subcluster in which 11 plants of small-seed type from Madhya Pradesh, Meghalaya and Myanmar was included, clearly indicating that these small-seed type melons were closely related with vars. makuwa and conomon. Furthermore, clusters III (27 : 12) and IV (3 : 20) showed different frequencies of smalland large-seed type melons from South Asia, suggesting that South Asian melon is genetically differentiated among seed size classes. The length of the node was longest in cluster III, indicating a large genetic variation in South Asian melon. Therefore, we carried out PCO based on the genetic similarity matrix to visualize the genetic relationship among 149 plants (Fig. 3) . Up to 33.7% of the total variation was explained by the first two axes, which accounted for respectively 21.1% and 12.6%. As shown in Figure 3 , melon accessions of each group, except for small-and large-seed types, formed a tight distinct group, which were well separated from other groups. On the contrary, melon accessions from South Asia were scattered widely, and covered a large area on PCO plot. However, they were mostly separated into small-and large-seed types by the second PCO axis (PCO2) as well as the other melon accessions. The large genetic variation observed in South Asian melon was primarily explained by x axis, and, as a result, the other seven groups appeared in the left quadrant of the PCO plot. Vars. makuwa and conomon were concentrated in a small area in the left, lower quadrant. Most of the Japanese F 1 cultivars of var. reticulatus were concentrated in a very small area in the left, upper quadrant, surrounded by vars. cantalupensis, inodorus and momordica. Five plants of var. inodorus were dispersed in a relatively wide area, reflecting the relatively large genetic variation.
As to South Asian melon, most of the small-seed types appeared in the lower part of the PCO plot, with vars. makuwa and conomon. However, the distance from vars. makuwa and conomon was different among accessions (Fig. 3) . Eight plants (plants No. 23, 27, 28, 68, 71, 72, 75 and 76) of the small-seed type from South Asia clustered in cluster II with vars. makuwa and conomon (Fig. 2) again appeared very close to vars. makuwa and conomon (Fig. 3) . Most of the small-seed type from the eastern part of India (Bihar, Assam and Meghalaya) and some from the central part of India (Madhya Pradesh) also appeared close to these varieties. Twenty-two plants from Madhya Pradesh were dispersed widely and covered nearly the whole area of South Asian melon, indicating the presence of a large genetic variation in this area.
Discussion
According to Robinson and Decker-Walters (1997) , a wild ancestor of melon should have originated in Africa and was domesticated in the secondary center of genetic diversity, that is, the Middle and Near East and India. AFLP analysis performed in the present study revealed that South Asian melon was genetically diversified, while East Asian melon, vars. makuwa and conomon, proved to be unique and to have a narrow genetic basis ( Table 2 ). The analysis of isozyme polymorphism also showed that vars. makuwa and conomon were nearly monomorphic, while South Asian melon accessions, especially from India, were highly polymorphic (Akashi et al. 2002) .
The cluster analysis based on the AFLP data of 149 melon genotypes produced four major clusters; cluster I consisted of five accessions of India and Myanmar, cluster II consisted mainly of vars. makuwa and conomon, cluster III consisted primarily of small-seed type accessions (70%) and secondary of large-seed type accessions (30%), and cluster IV consisted mainly of large-seed type accessions and Japanese F 1 cultivars (Fig. 2) . Melon varieties formed groups in a small area on PCO, and were clearly classified into two groups by PCO2, the first group consisted of vars. makuwa and conomon, and the second group of vars. cantalupensis, inodorus, reticulatus and momordica (Fig. 3) . Fujishita and Nakagawa (1973) indicated that seed size is one of the important characters for variety identification of C. melo, and that the seeds of the former group except var. momordica were larger and distinguishable from those of the latter group. South Asian melon accessions were also classified into two groups by their seed size with some accessions overlapped on the PCO plot, although the genetic distance between large-and small-seed types was rather small (Table 2) . In South Asia, large-and small-seed types are often cultivated as a mixture even in a single field, probably because of the open-pollinating nature of C. melo. Occasional hybridization would enhance genetic introgression between two types. Nevertheless, genetic differentiation among large-and small-seed types suggested by isozyme analysis (Akashi et al. 2002) was supported by the present study. Therefore, further study is necessary to know the reason for such a genetic differentiation, and to confirm the importance of seed size for the analysis of genetic relationship among melon accessions.
Two varieties makuwa and conomon are cultivated as different crops and are processed into dessert and pickles, respectively. However, they could not be separated by both the cluster analysis (Fig. 2) and the PCO analysis (Fig. 3) as also indicated by isozyme analysis (Akashi et al. 2002) , strongly suggesting that they belong to the same genetic group. As to the origin of these varieties, several conflicting opinions have been proposed. It was considered that they had been domesticated in India (Kitamura 1950) or in China (Jeffrey 1980, Robinson and Decker-Walters 1997) , and that var. makuwa was established in north China and var. conomon in south China (Kitamura 1950) . According to Kitamura (1950) , vars. makuwa and conomon were introduced from India to China through the 'Silk Road' and Southeast Asia, respectively. On the contrary, Akashi et al. (2002) suggested that vars. makuwa and conomon derived from the small-seed type which adapted to the wet condition in east India, and that they have been established during the eastward spread or in China. The UPGMA phenogram (Fig. 2) showed that a total of eight plants, three from Madhya Pradesh (central part of India), one from Meghalaya (eastern part of India), and four from Myanmar, were clustered with vars. makuwa and conomon. These small-seed type accessions might be the prototype of vars. makuwa and conomon, supporting the hypothesis proposed by Akashi et al. (2002) . The next question is where and how vars. makuwa and conomon originated. The analysis of nine loci of five isozymes revealed that vars. makuwa and conomon were less variable and nearly monomorphic (Akashi et al. 2002) . However, melon accessions with the same genotype as vars. makuwa and conomon could not be found in India and Myanmar. Then the allelic frequency in each population was compared with that in vars. makuwa and conomon, and suggested that vars. makuwa and conomon derived from the small-seed type in east India. In the present study, some accessions of the small-seed type from east India and Madhya Pradesh proved to be closely related with vars. makuwa and conomon (Fig. 2) . This suggested that the prototype of vars. makuwa and conomon had been transmitted through the south of the Himalayas and vars. makuwa and conomon established during the eastward spread or in China.
Six inbred lines (122) (123) (124) (125) (126) (127) ) and 19 F 1 cultivars (No. 128-No. 146) of var. reticulatus were also investigated to know the genetic basis of the Japanese commercial cultivars. Most of the Japanese F 1 cultivars analyzed in the present study are mainly cultivated in greenhouse, and are characterized by netted rind and sweet flesh with green or orange in color. Although these cultivars are released from various seed companies, they showed the smallest gene diversity index (Table 2 ). The genetic distance between these F 1 cultivars was also very small, being 0.060 in average and ranged from 0.005 to 0.124. These results clearly indicated that the Japanese F 1 cultivars are closely related with each other. Vars. makuwa and conomon had been cultivated for nearly 2000 years in Japan (Fujishita 1992) , while netted Table 1 is shown by asterisk.
melon is a quite new. The cultivation of netted melon became stable after the introduction of the green flesh cultivar 'Earl's Favourite' from England in 1925 (Aoba 1970) , from which various types of cultivars, such as 'Natsu 4', 'Fuyu 3A' and so on, have been bred by pure line selection. They have been further crossed mainly with American field type cultivars, such as 'Rocky Ford', 'Georgia 47', to introduce disease resistance and for the breeding of red flesh cultivars (Seko 1999) . The results of the present study clearly indicated that a limited number of cultivars have been used for the breeding of Japanese melon and narrow genetic basis of the Japanese breeding lines. In conclusion, novel genes from the Asian melon germplasm need to be introduced and the genetic basis of the Japanese melon enriched.
